Abstract With the recent transition to a more risk-based approach in flood management, flood risk models-being a key component in flood risk management-are becoming increasingly important. Such models combine information from four components: (1) the flood hazard (mostly inundation depth), (2) the exposure (e.g. land use), (3) the value of elements at risk and (4) the susceptibility of the elements at risk to hydrologic conditions (e.g. depth-damage curves). All these components contain, however, a certain degree of uncertainty which propagates through the calculation and accumulates in the final damage estimate. In this study, an effort has been made to assess the influence of uncertainty in these four components on the final damage estimate. Different land-use data sets and damage models have been used to represent the uncertainties in the exposure, value and susceptibility components. For the flood hazard component, inundation depth has been varied systematically to estimate the sensitivity of flood damage estimations to this component. The results indicate that, assuming the uncertainty in inundation depth is about 25 cm (about 15% of the mean inundation depth), the total uncertainty surrounding the final damage estimate in the case study area can amount to a factor 5-6. The value of elements at risk and depth-damage curves are the most important sources of uncertainty in flood damage estimates and can both introduce about a factor 2 of uncertainty in the final damage estimates. Very large uncertainties in inundation depth would be necessary to have a similar effect on the uncertainty of the final damage estimate, which seem highly unrealistic. Hence, in order to reduce the uncertainties surrounding potential flood damage estimates, these components deserve prioritisation in future flood damage research. While absolute estimates of flood damage exhibit considerable uncertainty (the above-mentioned factor 5-6), estimates for proportional changes in flood damages (defined as the change in flood damages as a percentage of a base situation) are much more robust.
Introduction
Flood damages are responsible for approximately one-third of the economic losses incurred as a result of natural hazards in Europe and are, together with wind storms, the most frequently occurring natural disaster (Munich Re 2005; EEA et al. 2008) . In recent decades, a substantial increase in flood damages can be observed, which has mainly been attributed to increased developments in flood-prone areas (Munich Re 2005) . As floodprone areas continue to be developed, the potential damages as a result of floods will continue to rise. In addition, future climate change may increase flood frequencies and magnitudes and further increase flood damages (te Linde et al. 2010) . Because of these trends and uncertainties, flood management is moving towards a more risk-based approach in Europe (DKKV 2004; Tunstall et al. 2004 ; Roos and Van der Geer 2008) instead of relying mainly on protection standards. This change to risk management is also recognised and supported by the EU, who have adopted a flood directive (2007/60/EC) stating that member countries have to create flood risk maps (see e.g. de Moel et al. 2009 ) and draw up (basin-wide) flood risk management plans.
In such an approach, flood risk managers need apart from information on the hydrological hazard, also detailed information on possible consequence of a flood. Such information can then be used for various purposes, for instance, to define high-risk areas (for prioritisation of extra measures), assess benefits (e.g. avoided damage) for cost-benefit analyses or to set up insurance or compensation schemes. In order to assess possible consequences of a flood, several flood damage models have been developed in Europe. These models generally focus on quantifying flood damages in monetary terms (Kok et al. 2005; Hall et al. 2005a; IKSR 2001; Thieken et al. 2008 ). Meyer and Messner (2005) have evaluated flood damage assessment methods employed in the United Kingdom, the Netherlands, the Czech Republic and Germany. They show that, while the methods differ in various details, they all follow the same concept using four components with information underpinning the damage estimate (see also Messner et al. 2007 ): (1) hydrological characteristics, mostly represented by flood depth, (2) elements at risk, often estimated using land use or individual buildings, (3) value of elements at risk and (4) susceptibility of the elements at risk to the hydrological characteristics, usually defined using depth-damage curves.
In North-Western Europe, various methods have been developed to assess flood damages at various scales. In the United Kingdom, the 'multi-coloured manual' (PenningRowsell et al. 2005) , which consists of a large set of stage-damage curves created by flood experts (synthetic curves), is the most commonly used for flood damage modelling (i.e. Hall et al. 2005a ). In Germany, on the other hand, empirical data on flood losses are often used, like the HOWAS21 database, containing several thousand historical records of flood damage to different buildings (see e.g. Merz et al. 2004) . The above-mentioned data are used, for instance, in the method employed by the International Commission for the Protection of the Rhine (ICPR) for the Rhine Atlas (IKSR 2001) . More recently, a damage model using survey data from the 2002 floods has been developed in Germany, taking into account building quality, contamination and precaution measures . In Flanders (Belgium), Vanneuville et al. (2006) have created a method to assess damages largely based on land-use types plus a limited number of additional point data. In the Netherlands, the so-called standard-method (HIS-SSM) is used to calculate flood damages, which combine land-use and building data on various spatial scales with synthetic damage curves (Kok et al. 2005) . Similar flood damage models have been developed in other parts of the world like the USA (see e.g. USACE 2007), Japan (Dutta et al. 2003), Thailand (Lekuthai and Vongvisessomjai 2001; Tang et al. 1992) and Brazil (Nascimento et al. 2006) .
Uncertainty exists in all four sources of information because of generalisations, assumptions and aggregation of information, which propagates through the model calculations to accumulate in the final damage estimate (see e.g. Heuvelink 1998) . Uncertainty concerning the hydrological characteristics can be attributed to generalisations in parameterisations and input data constraints within numerical models. The elements at risk are often represented by low-resolution land-use maps with a limited number of land-use classes, which greatly generalise the real situation. Linked to the elements at risk, the value of these elements is also compounded by these generalisations resulting from a limited amount of land-use classes. Even if the amount of classes would not be limited, there would still be further generalisations because of spatial differences, temporal differences (market fluctuations), and different methods to valuate elements at risk. The susceptibility of elements at risk is usually described using so-called depth-damage curves (Smith 1994; Merz et al. 2007 ). These curves relate potential flood damages for a particular building type or land-use class to flood depth, again generalising the real situation and often excluding other hazard related factors such as flood duration and flow velocity. Such curves can be created synthetically by experts (see e.g. Veerbeek and Zevenbergen 2009; PenningRowsell et al. 2005) or can be derived from empirical data of historical flood events (see e.g. Merz et al. 2004; Thieken et al. 2008) .
Existing flood damage assessment studies (e.g. RWS-DWW 2005; Hall et al. 2005a ) acknowledge that flood damage estimates feature a degree of uncertainty, but most efforts to assess or cope with this uncertainty have focused on one of the components of the assessment-in most cases, the hydrological component. For instance, in the Dutch FLORIS study (RWS-DWW 2005) upper and lower estimates for potential flood damages are based on different inundation scenarios. Similarly, Apel et al. (2006) consider uncertainties from flood frequency statistics and spatial levee breach scenarios using a probabilistic framework. In another study, Apel et al. (2004) assessed various sources of aleatory (natural variability) and epistemic (incomplete knowledge) uncertainty in an economic risk analysis, and while they took many sources into account, all were related to the hydrological component. Other studies that looked into uncertainties in the hydrological component include Hall et al. (2005b) and Noack and Yörük (2008) .
Recently, there have been a couple of studies focusing on uncertainty in the value and/or susceptibility of elements at risk. One has been carried out by Merz et al. (2004) , who evaluated the existing empirical relationships between inundation level and flood damage to buildings and found that there is considerable uncertainty in the damage functions that are internationally accepted as the standard method of deriving flood damages (Merz et al. 2007; Smith 1994) . Another study has been performed by Egorova et al. (2008) , who assessed uncertainties in the value of elements at risk and developed a methodology to incorporate uncertainties in depth-damage curves. To our knowledge, no study has reported on the influence of uncertainty in land-use maps on flood damage estimates.
Several authors have used various damage models or curves to illustrate the uncertainty in flood risk estimates (Merz and Thieken 2009; Apel et al. 2008; Meyer et al. 2009 ). Apel et al. (2008) and Merz and Thieken (2009) also included uncertainty related to the inundation depth and flood probability. Both show that for extreme events, the estimation of the probability contributes the most uncertainty.
The main goal of this research is to assess the uncertainty surrounding flood damage estimates and relate this uncertainty to the four information sources underpinning flood damage models (inundation depth, land use, value of elements at risk and depth-damage curves). This research focuses on uncertainty in flood damage estimates, rather than flood risk (i.e. probability times damage). Hence, uncertainty surrounding the estimation of the probability of an event is not addressed. We use different land-use maps to illustrate uncertainty related to the estimation of elements at risk and different damage models to estimate uncertainty related to the value and susceptibility of elements at risk. Inundation depth will be varied manually in order to assess the sensitivity of the damage estimate to this component, which can then be compared with the effect of the other three components. This approach will be applied to a case study area in the south of the Netherlands. This paper is organised as follows. Section 2 introduces the case study area, and Section 3 describes the methodology, including the manner in which the four components of the damage assessment are varied. Section 4 explains the flood damage calculations resulting from the variations in these components and charts the source of uncertainty in the components. Section 5 wraps up the results and evaluates the effect of uncertainty inherent in the components on the damage estimate.
Case study area
The Netherlands is a densely populated and industrialised country in North-Western Europe and is located in the delta of the rivers Meuse, Rhine and Scheldt. Large parts of the country are situated at elevations below mean sea-or river water levels. These lowlying areas are protected by a system of dikes, dunes and other protective structures that form closed geographical units called dike rings. The embankments protecting each dike ring are designed to withstand extreme flood events with a specific return period (1/1,250; 1/2,000; 1/4,000; 1/10,000). The case study area is a dike ring (number 36) located in the south of the Netherlands: Land van Heusden/Maaskant (Fig. 1 ), which has a protection level of 1/1,250 years. This dike ring area measures about 740 km 2 and is mainly used for agriculture (*80%) but also features key infrastructure such as highways and railroads as well as the cities of Den Bosch (*140,000 inhabitants) and Oss (*75,000 inhabitants). All these assets are vulnerable to flooding in case of a failure of flood embankments.
Methodology

Approach
In this study, we specifically look at the influence of all four components on the sensitivity and uncertainty of the total damage estimate. This is done by manually varying the components in a 'one factor at a time' approach. The basic model we use to calculate flood damages is based on depth-damage functions which relates the inundation depth in a grid cell to a fraction of the total value at risk of the corresponding land use. This fraction (usually named 'a' or 'damage factor') is then multiplied with the total value that can get damaged (also based on the land use) to derive a flood damage estimate (Fig. 2) .
Below, we will describe the four components and how they have been varied. Components 3 and 4, depth-damage curves and the value of elements at risk, are derived from three meso-scale damage models (DMs) that make use of land-use information to estimate flood damages and have been employed in low-lying areas in North-Western Europe. These models are as follows:
• (DM1) The Rhine Atlas, developed by the International Commission for the Protection of the Rhine (ICBR 2001).
• (DM2) A method created for the Flemish Environmental Agency (Vanneuville et al. 2006 ).
• (DM3) The Netherlands Later (NL Later) method (Klijn et al. 2007 ).
As depth-damage curves and the value of elements at risk are designed to be used together, we accordingly use depth-damage curves with the corresponding value of Nat Hazards (2011) 58:407-425 411 elements at risk of the same DM. Both have, however, their own sources of uncertainty and will therefore be discussed separately.
Component 1: Inundation depth
Various hydrological factors affect the magnitude of flood damage. These include flood extent, inundation depth, flow velocity (in steep catchments or near breaches in embankments), duration and timing of a flood. Such parameters can be computed using hydrological and hydrodynamic models (see e.g. de Moel et al. 2009 ). For flood damages, inundation depth is regarded as the most important parameter (Aerts et al. 2008; Merz et al. 2007; Wind et al. 1999) , especially in the situation of dike ring 36 (Bouwer et al. 2009 ). As a result, it is mainly this parameter that is used in damage assessments, including our approach. We do note, however, that flood duration may have a considerable effect on flood damages, especially indirect damages due to business disruption. In this study, however, we focus mainly on direct damages. Flood extent and flood depth are usually calculated for a flood event with a specific return period (see e.g. de Moel et al. 2009 ). As the dikes that protect dike ring 36 are designed for very high return periods, the probability of floods overtopping the dikes is very low. Recent studies, however, point to the possibility that dikes may fail during less extreme floods with higher recurrence periods (Brinke and Bannink 2004; RWS-DWW 2005) . Such a dike failure may develop, for example, due to groundwater pressure underneath a dike or piping effects within a dike. Therefore, we concentrate on floods related to dike breaches rather than overtopping. We use the 42 breach scenarios created by Bouwer et al. (2009) , each represented by a map showing inundation levels per grid cell of 25 9 25 m 2 . These 42 breach scenarios have been further processed into one aggregated map showing the maximum inundation depth per grid cell across all scenarios. The map displays inundation depths ranging from zero to five metre with an average of 1.77 m and a standard deviation of 1.07 m and is further referred to as the ''base inundation depth map'' (Fig. 3) . Use is made of an aggregated map because we aim to assess the effect of uncertainty in inundation depth information, rather than different inundation scenarios, on the resulting damage estimates. As a result, uncertainties related to probabilities of flooding (and correspondingly flood risk) are not taken into account in this study.
In order to assess the effect of inundation depth on the damage estimate, we have incrementally adjusted the base map. By comparing this sensitivity to the effect of uncertainty in the other two components, it is possible to derive how large the uncertainty in the inundation depth would have to be in order to have the same effect as each of the other two components on the final damage estimate. As it concerns a polder area, it is assumed that the inundation depth cannot go higher (as otherwise water would flow out of the polder again). The inundation depth has therefore been incrementally lowered down to -150 cm at small intervals (5 cm). This way, also a reduction in inundated area, is taken into account. Because there is no information on any spatial distribution or autocorrelation of uncertainty in this inundation map, all adjustments from the base inundation map were kept equal for the entire area.
Component 2: Land use
At the most detailed level, flood damage potential can be derived from information on individual assets (e.g. buildings, vehicles) (e.g. Lekuthai and Vongvisessomjai 2001; Kok et al. 2005) . At the regional or national scale, land use is often used as an indicator for potential flood damage (e.g. IKSR 2001; Hall et al. 2005a; Klijn et al. 2007 ). In this regional study, we use land use as the principal factor for defining flood damage exposure.
Variations across such land-use databases exist as they have been derived from different sources (aerial photography or satellite imagery). Furthermore, they have been classified into land-use classes using different algorithms by different experts. We use this variation across different land-use databases as an indication for the uncertainty inherently present in land-use data. Hence, land-use data for the dike ring 36 area is taken from five sources: CORINE, LGN4, CBS, Top10 and the Land Use Scanner (Table 1 ). The CORINE database is a pan-European database based on a standardised classification of satellite imagery (EEA 2007) . The LGN4 is a raster data set that focuses on the green environment. It distinguishes many different agricultural and natural land-use types (de Wit and Clevers 2004; de Wit 2003; van Oort et al. 2004 ). Contrary to the LGN4, the CBS land-use data set focuses more on the built environment and distinguishes different residential classes (CBS 2000) . The Top10 data set also focuses on the built environment, particularly residential, and recognises individual buildings and many different types of roads and objects (Kadaster 2005) . The last source of land-use information used in this analysis comes from the Land Use Scanner (LUS), a spatial model developed to project future land use (Hilferink and Rietveld 1999) . In our analysis, we have used their base land-use map for 2000 (Riedijk et al. 2007 ).
Components 3 and 4: Damage models
In order to determine the uncertainty in flood loss estimations due to differences in depthdamage curves and total value at risk, we estimate flood damages using three different damage models (DMs). Similar to the land-use data, the variation between the damage models is regarded as an indication of the uncertainty inherently present in depth-damage functions and values of elements at risk. The three DMs differ in their assumption on the value of elements at risk per land-use type, the number of land-use types and the shape of the depth-damage curve. In order to compare flood damage estimates using the three DMs, the land-use classes of the different land-use maps had to be aggregated in order to get the amount of classes distinguished by the DMs (Rhine Atlas, DM1: 6 land-use classes; Flemish method, DM2: 11 land-use classes; NL later method, DM3: 14 land-use classes). The values of elements at risk for these classes have directly been taken from the corresponding DM, regardless of land-use map. By doing this, the total value at risk in the dike ring can be different between land-use maps because of different proportions of the different land-use types. It is possible to correct for this by calculating a fixed total value at risk and disaggregating this over the available land-use classes, as done by Wünsch et al. (2009) . Both the derivation of the total value at risk and the disaggregation can be done in several ways and would quickly increase the amount calculations needed for comparison. As Wünsch et al. (2009) found that the influence of the different disaggregation methods is relatively small and mainly exposes the characteristics of a flood model at varying degrees; we did not take disaggregation techniques into account.
Another complication is the number of residential classes distinguished within each DM. Both DM2 and DM3 distinguish three residential classes where DM1 has only one residential class. The residential classes in DM2 and DM3 only differ in their value of elements at risk and not so much in the shape of their corresponding depth-damage curves. Subsets of DM2 and DM3 with one and two residential classes were therefore created by recalculating the values of elements at risk. Similarly, subsets of land-use maps distinguishing more than one residential class have also been created by aggregating the residential classes to two (dense and medium dense aggregated into one class) and one (all residential cells) residential class.
Rhine Atlas (DM1)
The Rhine Atlas method (ICBR 2001) originally uses the CORINE land-cover data set and distinguishes six damage categories. For three land-use types (residential, industry and infrastructure) an immobile (real estate) and mobile (e.g. household goods) damage category is distinguished. Depth-damage curves (Fig. 4) and figures for the total value of elements at risk (Table 2 ) have been derived using data from the German HOWAS database and experts from different sectors and countries. The values of elements at risk are based on market values (as opposed to replacement values). Damage to vehicles, indirect damages, and costs of emergency services are not considered in this method (ICBR 2001) .
Flemish method (DM2)
The second damage model used has been developed by Vanneuville et al. (2006) and calculates flood losses based on both land-use classes and some objects. Land-use information is taken from the CORINE database as well as from a national database. The above-mentioned data are supplemented by line elements (roads, railroads) and point elements (churches, power plants, schools, stations, hospitals, etc.) to enhance the accuracy of the assessment. These line elements have not been used in our analysis as it would hamper the comparison between land-use maps. As a result, the absolute estimates for flood damages using the DM2 configuration will probably be somewhat lower when compared to the original method. Vanneuville et al. (2006) use market values to derive the value of elements at risk. An additional factor on top of the direct damages is used to represent indirect damages for some land-use classes (representing e.g. cleaning costs, production losses). DM2 uses damages per square metre, similar to DM1, except for the residential damage category that uses a value of € 100,000/house. In this study, we do not use the detailed method but only the 11 land-use categories that were distinguished (Table 2 ) resulting in 11, synthetically created, depth-damage curves (Fig. 4) . Three residential classes based on different densities have been distinguished in this study, using densities of 90, 40 and 10 houses per hectare.
Netherlands Later (DM3)
The Netherlands Later method is a derivative of the HIS-SSM (Kok et al. 2005 ) to allow for changes in land use in the assessment (which is not possible with the HIS-SSM itself). It has been developed by Klijn et al. (2007) and distinguishes 14 damage categories, including three residential classes on a resolution of 100 by 100 m 2 ( Table 2 ). The depthdamage curves and values of elements at risk have been derived from HIS-SSM output for various uniform inundation depths. The HIS-SSM damages, and thus the Netherlands Later (Briene et al. 2002) , and the curves have been derived using a limited amount of damage data and expert judgement (Meyer and Messner 2005) . As HIS-SSM damages include about 5% of indirect damages such as business interruption, traffic interruption and loss of crops (Wouters 2005) , the Netherlands Later estimates include this as well. Table 3 shows the results of damage calculations in billions of euros using all combinations of inundation depth, land-use databases and damage models. In the following sections, the influence of the components on the final damage estimate will be discussed (Sects. 4.1-4.3). This sensitivity of the damage calculation to a certain component is presented as a factor, which is calculated by dividing the highest by the lowest damage estimate resulting from the variation in the component, keeping the other components equal. This factor denotes how far off an estimate can be. For example, a factor 2 means that the estimate could be halve or double as well. After discussing the influence of the components, absolute and proportional changes in flood damages between situations with different water depths are calculated and compared in Sect. 4.4. Table 3 shows that the variation in absolute flood damage estimates using different landuse maps are relatively small. Overall, the relative differences between the maximum and minimum flood damages range from a factor 1.14 (in DM3, e.g. €9.01bn/€7.89bn) to just under 1.21 (DM1 and DM2). These differences can partly be explained by the number of urban cells present in the different land-use maps (more cells mean higher flood damage). The geographical position of such cells may also play a role, as some land-use maps have, for instance, less urban cells in the flooded area or in areas with lower inundation depths.
Results and discussion
Land use
Furthermore, it is also interesting to see how much the individual land-use classes, and in particular the urban land-use classes, contribute to the total flood damage (Fig. 5) . The residential category has the largest contribution and accounts for 60-95% of the total damages, averaging at 81% with a standard deviation of 10%. This range is the result of the use of different DMs and different land-use databases. DM2 and land-use maps that make no distinction between residential and commercial/industrial land use (LGN4 and Top10) account for the highest contribution of the residential damage category. The latter follows logically since an aggregated class of industrial land use and residential land use is a much larger class in terms of area and hence damage. Between the DMs, the main difference in contribution to the total damages lies in the agricultural damage category, which has a very significant contribution in DM3 (14% on average) but is negligible in the other two.
Damage models
The variation in total damage estimates between the damage models (DMs) is quite high. Comparing the last row with the other rows in Table 3 shows that while damages estimated using DM2 and DM3 are quite similar in absolute terms, DM1 damage estimates are about a factor 4 lower. As residential damages are the main contributor to the total damages (see Fig. 5 ), this difference can be explained by differences between the DMs in terms of the Nat Hazards (2011) 58:407-425 417 Table 3 Absolute damage estimates (in billions of euros) for calculations using different land-use information sources (top row), different inundation depths (second row) and different damage models The numbers next to the configuration names (second column) indicate how many residential classes were used. Note that not all land-use databases distinguish different residential land-use types, and as a result some combinations could not be calculated depth-damage curve (component 3) and the values of elements at risk (component 4) of residential land use. For example, Table 2 shows that the values of elements at risk for residential land use in DM1 are about half (252 ? 59 = 311 €/m 2 ) of that of DM2 (540 €/ m 2 ) and DM3 (572 €/m 2 ), which would explain a factor 2 difference in residential damages between the DMs. Similarly, when comparing the shapes of the residential damage curves of DM1, DM2 and DM3 (Fig. 4) , it becomes clear that the residential curves of DM2 and DM3 reach almost 100% damage at 4.5 m inundation depth, where the residential curves of DM1 only yield about 50% at that same inundation depth. This would result in another factor 2 difference between the residential damages in DM1 compared with DM2 and DM3. These two differences combined would thus result in a factor 4 difference between the absolute damage estimates of DM1 and DMs 2 and 3.
Several reasons can be thought of that could explain the differences in these two components between the damage models. With respect to the values of elements at risk, DM1 differs from DM2 and DM3 because indirect damages, like costs resulting from emergency services (e.g. evacuation) or business interruption, are not taken into account. The share of these indirect damages in DM2 and DM3 is, however, limited (around 5-7%), and therefore this difference in approach is not enough to explain the large difference by itself. Significant differences can occur in the estimation of value at risk when full replacement values are taken instead of actual values as full replacement values are generally larger compared to actual value (Messner et al. 2007; Penning-Rowsell et al. 2005) . Both DM2 and DM3 use market values (which are actual and not full replacement values) to derive values for properties at risk. For DM1, the values of elements at risk are derived from official data on property values from four Bundesländer (IKSR 2001) . Both DM2 and DM3 use property values of around 100,000 €/property. When this is compared to the value per m 2 in DM1 (252 €/m2), one arrives at an average density of dwellings of about 25 per hectare of residential land use, which is on the low side but not an unrealistic number. There seems to be a larger discrepancy in the assessment of the value of inventory goods. In DM1, this is 59 €/m 2 , or about 23% of the value of the property itself. In DM2, the value attributed to inventory is set on 50% of the property value and in DM3 even almost 70%. A possible reason behind this discrepancy may be that the figures used in DM2 and DM3 for the value of inventory are based on data from insurance companies, who generally work with replacement values. The difference in the slope of the residential depth-damage curve between DM1 and DM2 and DM3 is not as easy to explain. All damage models combine expert judgement with available data on flood damages, though DM1 probably uses the most empirical data. The empirical data show, however, considerable uncertainty, as shown by Merz et al. (2004, Fig. 4) . Differences in the procedure to derive depth-damage functions by experts and the variation in the underlying empirical data combined are probably the reason for the discrepancy found between DM1 and DM2 and DM3.
Inundation depth
Absolute differences in damage estimates using different inundation depth adjustments are also substantial. A 0.5-m adjustment in inundation depth, for example, results in a damage estimate that differs at least €0.55bn (DM1) up to €2.7 bn (DM2) compared to the estimate using the base water map (Table 3) . Overall, a 0.5-m reduction in inundation depth corresponds to a factor 1.35-1.44 difference in the resulting damage estimate. An adjustment of about 25 cm yields the same variation in estimated damages as is found between the different land-use databases (about a factor 1.2). A variation in inundation depth of more than 1 m (0.95 m using DM1 to 1.1 m using DM3 to be more exact) is necessary to cause a factor 2 difference in the total damage estimate. This is a similar variation as the effect of the value of elements at risk or the depth-damage curve on the final damage estimate. A variation in inundation depth of more than 1.5 m is necessary to cause a factor 4 difference, which corresponds with the combined effect of the value of elements at risk and the depthdamage curve. Such uncertainty in inundation depth (with an uncertainty range just as large as the mean) seems unrealistically high as, for instance, Hall et al. (2005b) showed that the standard deviation of inundation depth in downstream areas with relatively simple topography (like our case study area) is about one-fifth of the mean inundation depth. It can therefore be concluded that the choice and quality of the damage model components have a larger influence on the damage estimate than the uncertainty in the hydrological component. This observation is in line with the findings of Apel et al. (2009) , who show that the choice of flood loss model (i.e. components 3 and 4) is a much more important contributing factor to the resulting risk estimate than the choice of hazard model (i.e. the hydrological component).
Absolute and proportional changes
In some flood damage assessments, the change in damages compared to a baseline situation (usually the present situation) is considered (e.g. MNP 2007; Hall et al. 2005a ). This allows to estimate the effect of certain management measures, land-use changes or the impact of climate change on future flood damages (e.g. Klijn et al. 2007) . Any avoided damages due to management measures can then be included in a cost-benefit analysis to evaluate the net benefit of such measures (Brouwer and Kind 2005; Pearce and Smale 2005; Heidari 2009; Miyata and Abe 1994) . Table 4 shows absolute and proportional changes in the damage estimate per 10-cm change in inundation depth. This has been calculated by taking the difference between flood damage estimations using the same land use and DM, but with one having 10 cm lower inundation depth compared to the other. This has been done for all combinations of damage models and land-use maps over a range of inundation depths from -0.5 m to 0 (the base situation). The absolute changes (columns two to four) have been divided by the corresponding damage estimate using the base inundation map to derive proportional changes (columns six to eight). Factors denoting the variation between land-use maps (see the last two rows) and between damage models (see columns 5-6 and the last two) have been calculated by dividing the maximum estimate by the minimum estimate.
When comparing the average absolute damage changes between different DMs (see factors in columns 5-6), it becomes clear that, similar to the absolute estimates themselves (see Sect. 4.2), these changes in absolute estimates also differ roughly a factor 4 (4.26 on average). The maximum deviation caused by different land-use maps is on average a factor 1.19, again similar to the deviation in the absolute damage estimates (see Sect. 4.1). Compared to the absolute change in damage over inundation depth, the proportional change in damages per 10 cm inundation depth varies substantially less (Table 4 , right part). This proportional change in flood damages over inundation depth is on average almost 6% (of the damage estimated using the base inundation depth) per 10 cm inundation depth change. The degree to which this number varies as a result of different DMs is small (factor 1.14), and variation in damage estimates due to different land-use maps is negligible (factor 1.04).
Conclusions
Our results indicate that the level of uncertainty inherent in estimated flood damage figures resulting from uncertainties underlying the four main components of a damage assessment is substantial. The contribution of the different components to the uncertainty in the final damage estimate and thus the sensitivity of flood damage assessment are illustrated in Fig. 6 .
Adding up the effects of the different components (by multiplying the factors), the total uncertainty surrounding a flood damage estimate becomes substantial. When assuming that uncertainty in the inundation depths amounts to about 25 cm (*15% of the mean inundation depth), the total range of outcomes can vary up to a factor 5-6 (factor 4 9 1.2 9 1.2). In other words, the lowest estimate is 5-6 times lower than the highest estimate. This is mainly the result of large uncertainties in the determination of the value of elements at risk and the depth-damage curves, which jointly account for about a The numbers are averages over the range -0.5 m to 0. The changes in estimated damage have been divided by the damage estimated using the base damage map to derive the proportional change. The factors are calculated by dividing the highest estimate in the range by the lowest estimate in the range factor 4 variation. This is especially important for residential land use as it makes up around 80% of the total damages. Uncertainty in land-use data has a modest effect on the resulting damage estimate (about a factor 1.2), similar to the effect from a variation in inundation depth of *25 cm. In order for the hydrological component to cause a factor 2 variation in damage estimates (equal to the value of elements at risk or the depth-damage curve), the range of inundation depth should be about 1 m. A range in inundation depth of more than 1.5 m is necessary to cause a factor 4 variation in damage estimates, which would be comparable to the differences in damage estimations between the DMs. As uncertainty in the inundation depth information of such a magnitude is unlikely (the uncertainty would then have to be larger than the mean), it can be concluded that the damage model is the most important contributor to uncertainty in flood damage estimates. The quality of the depth-damage curve and the values of elements at risk for especially the residential land-use class, and to a lesser extent the industry land-use class, are thus of critical importance in flood damage assessments. Correspondingly, from a flood damage assessment perspective, these components deserve considerable attention in research, whereas at the moment most efforts in flood risk assessments focus on the hydrological component.
While our results concern a single dike ring in the Netherlands, similar assessments in other areas will, given the nature of the input data, likely be subject to similar uncertainties in input data. Because of the large uncertainty surrounding flood damage estimates, absolute damage figures, or changes in absolute damage figures, should be used cautiously in any assessment. Proportional changes in flood damages (changes as a percentage of a reference situation), on the other hand, have much lower uncertainty and statements about proportional damage increases or decreases can consequently be made with a satisfying degree of certainty. Assuming that the uncertainty in inundation depth is no higher than 25 cm, the total variation that can be expected surrounding an estimate for a proportional change in damages is around a factor 1.25 in our case study area (compared to a factor 6 with absolute damage estimates).
Our study addressed uncertainty surrounding flood damage estimates in a general setting. For future research, it would be very interesting to focus on uncertainty related to different scenarios (dike breach scenarios, climate change scenarios and socio-economic scenarios) and how variation between scenarios relates to current uncertainties. 
